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Abstract
Seahorses belong to the teleost family Syngnathidae that evolved a distinct body plan 
and unique male pregnancy compared to other teleosts. As a classic model for study-
ing evolution of viviparity and sexual selection of teleosts, seahorse species still lack 
a publicly available high-quality reference genome. Here, we generated the genome 
assembly of the big-belly seahorse, Hippocampus abdominalis with long-read and Hi-C 
technologies. We managed to place over 99% of the total length of 444.7 Mb of as-
sembled genome into 21  linkage groups with almost no gaps. We reconstructed a 
phylogenomic tree with the big-belly seahorse genome and other representative 
Syngnathidae and teleost species. We also reconstructed the historical population 
dynamics of four representative Syngnathidae species. We found the gene families 
that underwent expansion or contraction in the Syngnathidae ancestor were en-
riched for immune-related or ion transporter gene ontology terms. Many of these 
genes were also reported to show a dynamic expression pattern during the preg-
nancy stages of H. abdominalis. We also identified putative positively selected genes 
in the Syngnathidae ancestor or in H. abdominalis, whose mouse mutants are enriched 
for abnormal craniofacial and limb morphological phenotypes. Overall, our study 
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1  |  INTRODUC TION

The great morphological and behavioural diversity of teleosts may 
be best exemplified by Syngnathidae species, that is, seahorses, 
pipefish and seadragons. All syngnathids have evolved tube-shaped 
mouth without teeth, an elongated, and specifically in seahorse an 
upright body plan without scales and pelvic fins but bony plates; 
and most intriguingly, the unique male pregnancy reproductive be-
haviour that is realised by male brood pouch (Leysen et al., 2011; 
Teske & Beheregaray, 2009; Wilson & Orr, 2011). The male brood 
pouch is inferred to develop from abdominal epithelium, in which 
females deposit the eggs for being fertilized and nurtured by the 
males until the free-swimming offspring are hatched. It is hypothe-
sized to be functionally similar to the uterus of amniotes. Indeed, a 
recent study provided evidence that the pouch is critical for sustain-
ing the lipid mass of embryos (Skalkos et al., 2020). Another study 
characterizing the transcriptomes of developing pouches of the 
big-belly seahorse (Hippocampus abdominalis) identified many up-
regulated genes that are also upregulated during mammalian preg-
nancy (Whittington et al., 2015). Coincided with the evolution of 
male pregnancy, syngnathids seem to have undergone reconstruc-
tions of their immune gene repteriorie, with major histocompatibil-
ity complex (MHC) genes having either become lost or undergone 
positive selection among different syngnathids (Roth et al., 2020). 
This reflects the trade-off between immunological tolerance and 
embryo rejection that has been reported in other viviparity verte-
brates (Roth et al., 2020). Overall, these studies highlighted the role 
of syngnathids as a prominent evolutionary and developmental bi-
ology model for understanding the evolution of viviparity and novel 
morphological traits, as well as the mechanisms of sexual selection 
(Paczolt & Jones, 2010). In addition, seahorses are more vulner-
able than other teleosts in the shallow water areas to overfishing 
for ornamental trade or traditional medicine, because of their long 
period of parental care, low mobility and population density (Foster 
& Vincent, 2004). Eighteen (about 40%) of the seahorse species are 
listed as International Union for Conservation of Nature (IUCN) Red 
list of vulnerable or endangered species. Therefore, seahorse and 
some other syngnathids are also considered flagship species for ma-
rine conservation (Vincent et al., 2011).

The development of genomic techniques has greatly facilitated 
the studies into seahorse and other syngnathids as a noncanonical 
teleost model, but a publicly available high-quality chromosome-
level genome is lacking. A total of four Syngnathidae genomes (Lin 
et al., 2016, 2017; Small et al., 2016; Zhang et al., 2020) have been 
published using Illumina technologies, all of which are in a draft 

genome form with a great number of assembly gaps still remaining 
within or between scaffold sequences. These data provided import-
ant insights into the global dispersal route, or identified the key genes 
responsible for some novel traits (e.g., bony spines and pelvic fin 
loss) of seahorses (Lin et al., 2016, 2017). Nevertheless, regulatory 
sequences of many responsible conserved developmental genes are 
probably located on unanchored scaffolds, or embedded in highly 
repetitive regions (McEwen et al., 2009; Vaughn et al., 2012). This 
necessitates a highly continuous reference genome of seahorse spe-
cies. Here we are motivated to use the third-generation sequenc-
ing and high-throughput chromatin capture (Hi-C) technologies to 
produce a de novo assembled genome of H. abdominalis, as the first 
publicly available chromosomal reference genome of seahorse spe-
cies. This is a widely farmed species and can be reared in the lab, 
thus is much more promising than many other threatened or endan-
gered syngnathids for future evodevo studies. Comparative analyses 
with other representative Syngnathidae species reconstructed their 
phylogeny, population history, and identified new candidate genes 
underlying the morphological and immunological changes that dis-
tinguish the seahorses from other non-Syngnathidae species.

2  |  MATERIAL S AND METHODS

2.1  |  Genome sequencing and assembly

The big-belly seahorse samples used in this project were obtained 
from a cultured population in Fujian (China), which has been approved 
by the Animal Ethical and Welfare Committee (Approval no. IACUC-
2019–031) of the Animal Ethical and Welfare Committee of Fisheries 
Research Institute of Fujian. Before tissue collection, all the seahorses 
were cultured in indoor breeding tanks (150 L), and the seawater was 
from the sea and adjusted to have a salinity of 31‰ and tempera-
ture 16–18°C. The seahorses were fed three times per day (08:00 h, 
12:00 h and 16:00 h) with artemia. All the seahorses were sacrificed 
after being anaesthetized for 30  minutes by MS-222  solution at a 
concentration of 50 mg/l, which is approved by FDA (Food and Drug 
Administration, USA). Male individuals were used for DNA extraction. 
We used DNeasy Mini Kit (Qiagen) to isolate genomic DNAs according 
to the manufacturer's instructions. The extracted DNAs were subject 
to size-selection in the BluePippin system and further used for PacBio 
long reads sequencing. We constructed SMRTbellTM libraries with 
30–50 kb sizes following the official protocol downloaded from PacBio 
website. The resultant libraries were sequenced using PacBio Sequel 
platform. The PacBio long reads were first corrected using Canu 1.7 

provides an important genome resource for evolutionary and developmental studies 
of seahorse species, and candidate genes for future experimental works.
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(Koren et al., 2017), with parameter corOutCoverage =80. The cor-
rected reads were assembled by three widely-used PacBio assemblers, 
Canu (Koren et al., 2017), wtdbg2 and SMARTdenovo (https://github.
com/ruanj​ue/smart​denovo) (Ruan & Li, 2020). The quality of these 
assemblies was evaluated based on a series of parameters, including 
contig N50, assembled genome size as well as BUSCO completeness 
(Simão et al., 2015). The assembly from SMARTdenovo was finally cho-
sen for further analysis, showing a contig N50 of 8.4 Mb, an assembled 
genome size of 445 Mb and a BUSCO completeness of 94%. To mini-
mize the proportion of nucleotide base-pair errors in PacBio sequenc-
ing, 109.5× Illumina short reads were recruited for polishing using the 
Pilon program with default parameters (Walker et al., 2014).

The chromosome-scale assembly was achieved using the High-
throughput Chromatin Conformation Capture (Hi-C) technology. 
Muscle tissue DNAs were extracted from one single male individ-
ual and subjected to construction of Hi-C libraries. The cross-linked 
DNAs were digested overnight with MboI restriction enzyme and 
treated with biotines, which were added to the end of fragmented 
DNA sequences. The chimeric junctions formed by proximity ligation 
were enriched by extracting biotins and further physically sheared, 
generating DNA fragments with 500–700  bp size. We sequenced 
these DNA fragments on Illumina NovaSeq platform with the PE 
mode. We performed two-rounds of Hi-C reads mapping using 
the BWA program (Li & Durbin, 2009). In the first round, 3D-DNA 
pipeline (Dudchenko et al., 2017) was applied to detect and correct 
abnormal contact patterns in the SMARTdenovo initially assembled 
contigs. In the second round of reads mapping, the Hi-C corrected 
contigs were subjected to ALLHiC pipeline (Zhang et al., 2019) for 
partition, orientation and ordering, and finally anchored onto 21 
pseudochromosomes with an anchoring rate of 99.35%. We further 
manually curated the Hi-C scaffolding based on the chromatin con-
tact matrix in Juicebox (Robinson et al., 2018). In addition, genome 
completeness was assessed based on 3640 conserved ray-finned 
fish genes (actinopterygii_odb10) in BUSCO program with default 
parameters. GC isochore analysis of this newly assembled genome 
was conducted using the same method as previously published 
paper about the isochore map of human chromosomes (Costantini 
et al., 2007). In brief, we first partitioned the entire chromosomal 
sequences of this newly assembled genome into nonoverlapping 
100  kb windows. Then we calculated and plotted their GC levels 
along chromosomes using the program draw_chromosome_ gc.pl 
(http://genom​at.img.cas.cz). Furthermore, the intervals bounded by 
37.5, 42.5, 47.5 and 52.5% GC are used to indicate the isochore fam-
ilies. Collinearity analysis between H. abdominalis linkage groups and 
other three Syngnathidae fish were conducted by nucmer (Marçais 
et al., 2018). Only one to one alignments were kept and only seg-
ments with alignment length larger than 500 bp were presented.

2.2  |  Repeat and gene annotation

We first customized a de novo repeat library of the big-belly sea-
horse genome using RepeatModeler (version 2.0) (Flynn et al., 2020). 

Then we merged the de novo library and the repeat consensus li-
brary in RepBase to annotate all repetitive elements in the genome 
using RepeatMasker (open-4.0.9) (Tarailo-Graovac & Chen, 2009). 
We used the Kimura 2-parameter distance to estimate the diver-
gence level between the individual TE copies versus their consensus 
sequences. Kimura distances between the genome copies and TE 
consensus were calculated using the RepeatMasker built-in scripts 
(calcdivergencefromalign.pl). For gene annotation, we combined re-
sources of sequence homology, de novo prediction and transcriptome 
to build consensus gene models using the GETA pipeline (https://
github.com/chenl​ianfu/​geta). The reference protein sequences of 
fugu (GCA_901000725.2), medaka fish (GCA_002234675.1) and 
zebrafish (GCA_000002035.4) were downloaded from the Ensembl 
database to perform homology-based prediction. The GETA pipeline 
randomly selected 1000 homology-based genes to train Augustus 
(Stanke et al., 2004) for de novo prediction on the premasked ge-
nome sequences. We provided the pipeline with RNA-seq reads of 
pooled tissue samples (brain, liver, testis, ovary, heart, kidney, brood 
pouch, muscle and skin) to assemble the transcriptomes. We used 
Trimmomatic (Bolger et al., 2014) implemented in the GETA pipeline 
to first filter the RNA-seq reads with default parameters. The fil-
tered reads were aligned to the reference genome with hisat2 (Kim 
et al., 2015). The genomic regions with expression were identified 
based on RNA-seq alignment. We further assembled and filtered the 
transcripts with “sam2transfrag” function in GETA pipeline, which 
keeps the isoform with the highest RNA-seq read depth for each 
gene as the representative transcript. Finally, gene models from 
these three methods were combined into a nonredundant gene set.

To identify the nearly complete functional gene repertoire of 
Hox genes in the investigated species, we first collected the known 
amino acid sequences of intact Hox genes from three species (me-
daka, fugu and zebrafish) from Ensembl (https://asia.ensem​bl.org) 
and NCBI (http://www.ncbi.nlm.nih.gov/). Then we performed a 
TBlastN search with the cutoff E-value of 1E-5 against the genomic 
data using these query sequences (Altschul et al.,1990). Aligned se-
quence fragments were combined into one predicted gene using perl 
scripts if they belonged to the same query protein. Each candidate 
gene region was then extended for 5 kb from both ends to predict 
its open reading frame by GeneWise (Birney et al., 2004). Obtained 
sequences were verified as corresponding genes by BlastP searches 
against the NCBI nonredundant (nr) database.

2.3  |  Evolutionary analyses

A phylogenetic tree of the big-belly seahorse and the other se-
quenced genomes (Hippocampus comes, Hippocampus erectus, 
Syngnathus scovelli, Oryzias latipes, Tetraodon nigroviridis, Gasterosteus 
aculeatus and Danio rerio) was constructed using the 3,700 ortholo-
gous single-copy genes (Howe et al., 2013; Jaillon et al., 2004; Jones 
et al., 2012; Kasahara et al., 2007; Lin et al., 2016, 2017; Small et al., 
2016). PhyML (Guindon et al., 2010) was used to construct the phy-
logenetic tree and estimate the evolutionary rates. To estimate the 
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divergence times between species, for each species, 4-fold degener-
ate sites were extracted from each orthologous family and concat-
enated to one sequence for each species. The MCMCtree program 
implemented in the phylogenetic analysis by maximum likelihood 
(PAML) package (Yang, 2007) was used to estimate the species di-
vergence time. Calibration time was obtained from the fossil record 
time provided by http://www.fossi​lreco​rd.net/datea​clade/​index.
html. Two calibration points were applied in this study as normal pri-
ors to constrain the age of the nodes described below. 96.9–150.9 
million years (Ma) for the most recent common ancestor (TMRCA) of 
medaka and pufferfish; 149.85–165.2 Ma for TMRCA of zebrafish 
and stickleback. The neutral mutation rate was calculated with the 
formula u = d/2T (u: neutral mutation rate, d: synonymous substi-
tution rate per synonymous site (dS), T: divergence time) (Li, 1976). 
We scaled branch-specific estimates of dS based on four-fold de-
generate sites with estimated divergence time as proxies for rate of 
mutation.

To examine the evolution of gene families in seahorse, genes 
from tiger-tail, lined and big-belly seahorses, medaka, green spotted 
pufferfish, three-spined stickleback and zebrafish were clustered 
into gene families by Treefam (Li et al., 2006) (min_weight  =  10, 
min_density = 0.34, and max_size = 500). The family expansion or 
contraction analysis was performed by CAFÉ (De Bie et al., 2006). 
In CAFE, a random birth-and-death model was proposed to study 
gene gain and loss in gene families across a user-specified phyloge-
netic tree. A global parameter λ (lambda), which described both gene 
birth (λ) and death (μ = −λ) rate across all branches in the tree for all 
gene families, was estimated using the maximum likelihood method. 
A conditional p-value was calculated for each gene family, and the 
families with conditional p-values lower than 0.05 were considered 
to have a significantly accelerated rate of expansion and contraction. 
Gene ontology (GO) analysis of expanded and contracted gene fam-
ilies were performed by Metascape (Zhou et al., 2019) using ortho-
logues in zebrafish with default parameters.

For the PAML analysis, we first assigned the orthologous rela-
tionship for 6,735  gene groups among all studied Clupeocephala 
(8  species) using the reciprocal best blast hit algorithm and syn-
tenic information. We used PRANK (Löytynoja & Goldman, 2005) 
to align the orthologous gene sequences, which takes phylogenetic 
information into account when placing a gap into the alignment. We 
filtered the PRANK alignments by gblocks (Talavera & Castresana, 
2007) and excluded genes with high proportion of low complexity 
or repetitive sequences to avoid alignment errors. To identify the 
genes that evolve under positive selection (PSGs), we performed 
a likelihood ratio test (LRT) using the branch model by PAML. We 
first performed a LRT of the two-ratio model, which calculates the 
dN/dS ratio for the lineage of interest and the background lineage, 
against the one-ratio model assuming a uniform dN/dS ratio across 
all branches, so that to determine whether the focal lineage is evolv-
ing significantly faster (p < 0.05). To differentiate between episodes 
of positive selection and relaxation of purifying selection (RSGs), we 
performed a LRT of two-ratios model against the model that fixed 
the focal lineage's dN/dS ratio to be 1 (p < 0.05). For the identified 

RSGs and PSGs, we used their mouse and zebrafish orthologues 
mutant phenotype information and performed enrichment analy-
ses using MamPhEA (Weng & Liao, 2010) and modPhEA (Weng & 
Liao, 2017), a method that has been used for inferring the function 
of other non-model organisms (Lv et al., 2020; Tollis et al., 2019; Yin 
et al., 2016). Then we grouped the enriched MP terms by different 
tissue types. To further investigate the expression pattern of PSGs 
and RSGs with mouse phenotypes, we used published mouse tran-
scriptome data of different tissues (Noguchi et al., 2017). GO anal-
ysis of PSGs and RSGs were performed by Metascape (Zhou et al., 
2019) using orthologues in zebrafish with default parameters.

2.4  |  Demographic history analysis

We investigated the demographic histories of the different syn-
gnathid species with whole-genome data sets using the pairwise 
sequentially Markovian coalescent (PSMC) approach (Li & Durbin, 
2011), which can infer changes in effective population size (Ne) within 
10,000 to 1,000,000  years. We performed PSMC with the het-
erozygous SNP loci produced by the GATK pipeline (McKenna et al., 
2010). Parameters were set to “N30 –t5 –r5 –p 4+30*2+4+6+10” 
and bootstrapping (100 times) was performed for each species to 
determine variance in Ne estimates. We used the estimated values 
of generation time and mutation rate to scale the results. We ap-
plied branch-specific estimates of the synonymous substitution rate 
per synonymous site (dS) from our dated phylogeny as proxies for 
the rate of mutation. The age of sexual maturity was collected from 
published results (Hausmann, 2001; Vincent et al., 2011) (https://
web.archi​ve.org/web/20111​10103​3410/http://www.seaho​rseso​
urce.com) and then multiplied by a factor of two as a proxy for gen-
eration time.

3  |  RESULTS

3.1  |  Genome assembly and annotation of the big-
belly seahorse

To generate a high-quality reference genome, we produced 121.41-
fold genomic coverage of PacBio reads (subread N50 length 16.3 kb), 
109.5-fold Illumina reads and 119.03-fold Hi-C data from big-belly 
seahorse male individuals (Table S1). We tried different long-read 
assemblers including CANU, wtdbg2 and smartdenovo (Koren et al., 
2017; Liu et al., 2021; Ruan & Li, 2020), and decided to use the contig 
assembly produced by smartdenovo because it outperforms CANU 
and wtdbg2 in terms of BUSCO completeness and/or contig conti-
nuity (Tables 1 and 2). The genome assessment showed a BUSCO 
completeness of 94.0% from the genome produced by smartdenovo, 
slightly higher than that derived from CANU (93.9%); however, the 
smartdenovo assembly is much more continuous than CANU as-
sembly (contig N50: 8.4 Mb vs. 0.1 Mb). Although wtdbg2 shows an 
outstanding contig N50 (10.8 Mb), the BUSCO completeness is only 

http://www.fossilrecord.net/dateaclade/index.html
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82.1%. This contig assembly derived from PacBio reads alone pro-
duced 186  gapless contig sequences. Using 119.03-fold Hi-C data 
derived from muscles followed by manual curation (see Materials and 
Methods), these contigs were oriented and connected into 168 scaf-
folds with an N50 size of 21.77 Mb (Table S2). We performed the 
final gap filling and assembly polishing using corrected PacBio reads 
and cleaned Illumina data compensatory to each other, and assem-
bled the entire genome into 444.7 Mb sequences with only 163 gaps 
left in the sequences. About 441.8 Mb sequences (99.3%) of the as-
sembled genome were anchored into 21 linkage groups (Figure 1a, 
Table S3). Genome alignment between H. abdominalis and S. scovelli 
indicated that linkage group 11 in H. abdominalis has two homolo-
gous linkage groups in S. scovelli. In linkage group 11, these two ho-
mologous regions are separated by a highly repetitive region (Figure 
S1). The genome assembly completeness analysis identified 95.8% 
complete Actinopterygii BUSCO genes (94.6% complete and single 
copy) and only 3.0% missing BUSCOs. This indicated that the as-
sembly covered most of the coding regions of the genome (Table S4). 
The big-belly seahorse genome assembly (ZJU1.0) has a dramatic 11-
fold increase of continuity measured by scaffold N50 size relative 
to other publicly available seahorse genome assemblies (Lin et al., 
2016, 2017) (Table S5). The distribution of the scaffold lengths has 
shifted toward much longer sequences in the big-belly seahorse as-
sembly relative to other Syngnathidae species (Figure 1b).

Using query protein sequences of multiple teleost species, and 
transcriptome data of pooled seahorse tissue samples (including 
brain, liver, testis, ovary, heart, kidney, brood pouch, muscle and 
skin), we combined homology and de novo prediction methods and 
annotated a total of 22,903 consensus protein-coding genes (Table 
S6). The average lengths of exons and introns of these genes are 
163 and 930  bp, respectively. This gene number is close to those 

of other seahorse genomes. 35.63% of the big-belly seahorse ge-
nome consists of transposable elements (TEs), a higher percentage 
than any other Syngnathidae genomes (17.17%–24.11%) but Manado 
pipefish (53%) analysed so far (Lin et al., 2016, 2017; Small et al., 
2016; Zhang et al., 2020). This can be explained either by the much 
more intact genome assembly, or lineage-specific expansion of TEs 
of the big-belly seahorse. Supporting the latter, we found that the 
big-belly seahorse genome shared one peak of TEs with a similar di-
vergence level (Kimura 2-parameter divergence level around 20%) 
compared to the TE consensus sequences with tiger tailed and lined 
seahorses, and had a specific peak of TE divergence level that was 
not present compared to the reported results of other syngnathid 
species (Zhang et al., 2020). This probably corresponds to a very re-
cent (Kimura divergence level <5%) TE burst only in the big-belly 
seahorse (Figure 1c). The expanded TEs are concentrated in DNA 
transposon TcMar-Tigger (3.86% of the genome vs. 1.1% of the 
tiger tail seahorse), LTR transposon Ngaro (3.94% of the genome vs. 
2.04% of the tiger tail seahorse) and uncategorized TEs (Table S7). 
The chromosomes of the big-belly seahorse consist almost solely 
of GC-intermediate isochores L2, H1 and H2 (Figure 1d, Figure S2), 
which is different to those of zebrafish (Brachydanio rerio), medaka 
(Oryzias latipes), stickleback (Gasterosteus aculeatus), and pufferfish 
(Tetraodon nigroviridis) (Costantini et al., 2007). Similar to the human, 
the gene density is positively associated with the gradient of GC iso-
chores in seahorses (Figure 1e). Interestingly, the local GC content of 
macrochromosomes shows variation similar to microchromosomes 
(Figure S2).

3.2  |  Phylogenomics and demographic history

We compared the colinearity of our new chromosome-level genome 
of the big-belly seahorse to the other two scaffold-level genomes of 
tiger-tail and lined seahorses, and the chromosome-level genome of 
Gulf pipefish (Figure 2a–c). It was clear that the other two Illumina-
based seahorse genomes were quite fragmented, with a total of over 
100 scaffolds whose lengths are longer than 1 Mb mapped, and on 
average 6.6 scaffolds mapped to each linkage group of the big-belly 
seahorse. To provide a phylogenetic framework for all evolutionary 
inferences in this work, we constructed a phylogenomic tree using 
coding sequences of 3700  single-copy orthologous genes shared 

TA B L E  1  BUSCO assessment of contig-level assemblies

Description

smartdenovo CANU Wtdbg2

Number Perct. (%) Number Perct. (%) Number Perct. (%)

Complete BUSCOs (C) 4310 94.0 4302 93.9 3763 82.1

Complete and single-copy BUSCOs (S) 4169 90.9 2263 49.4 3669 80.0

Complete and duplicated BUSCOs (D) 141 3.1 2039 44.5 94 2.1

Fragmented BUSCOs (F) 151 3.3 111 2.4 362 7.9

Missing BUSCOs (M) 123 2.7 171 3.7 459 10.0

Total BUSCO groups searched 4584 100 4584 100 4584 100

TA B L E  2  Statistics of contig assemblies

smartdenovo canu Wtdbg2

No. of contigs 186 10326 308

Max length (Mb) 20.7 8.0 32.8

Assembly size (Mb) 444.7 864.2 432.5

Contig N90 (Mb) 1.9 0.04 2.0

Contig N50 (Mb) 8.4 0.1 10.8

Average (Mb) 2.4 0.08 1.4
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between four Syngnathidae species and four outgroup teleost spe-
cies (Figure S3), with the maximum likelihood method (Guindon 
et al., 2010) (Figure 2d). The resulting phylogeny has a 100% full 
bootstrapping support for all the studied nodes. It places the big-
belly seahorse as the sister species to tiger-tail and lined seahorses, 
consistent with the reported result that the big-belly seahorse is the 
earliest branching species among Hippocampus species (Li, Olave, 
et al., 2021; Wang et al., 2019; Wilson & Rouse, 2010). We estimated 
that seahorses diverged from the gulf pipefish about 45.3 (29.9–
84.1) million years ago (MYA), and syngnathid fishes and medaka di-
verged 134.0 (111.7–158.6) MYA assuming a molecular clock. These 
results are consistent with the oldest known syngnathid fossil (48–
50  MYA) (Bellwood, 1996; Teske & Beheregaray, 2009). However, 
the estimated divergence time between the big-belly seahorse and 
the ancestor of tiger-tail and lined seahorses is different from that 
of recently published results (11.4 vs. 23.1 million years) (Li, Olave, 

et al., 2021). This is probably because of different reconstruction 
methods (maximum likelihood vs. neighbour-joining trees), calibra-
tion points and a greater number of loci used in this study (3700 vs. 
100) (Materials and Methods). Since we used many more loci and 
also maximum likelihood methods for phylogenetic inference, our 
results might have more support than that previously reported.

Previous comparative analysis of H.  comes revealed its higher 
evolutionary rate than other studied teleosts (Lin et al., 2016). Here, 
we showed that this elevation of genome-wide substitution rate is 
concentrated in the ancestor of Syngnathidae species; all studied 
seahorse species, however, showed a low genome-wide substitution 
rate compared to each other, or to other teleosts, after they diverged 
from their most recent common ancestor (Figure 2d). This suggested 
that most morphological and reproductive behavioural changes 
shared by seahorse and pipefish are probably caused by the rapid 
genome evolution in their common ancestor. While the following 

F I G U R E  1  Genomic features of the big-belly seahorse, Hippocampus abdominalis. (a) The chromosome-level genome assembly of the big-
belly seahorse was generated by combining PacBio long reads and Hi-C reads. The Hi-C contact map here shows the genome-wide all-by-all 
interactions of 21 chromosomes, with little off-diagonal interactions between chromosomes in this curated assembly. (b) Comparison of the 
scaffold length distributions between the big-belly seahorse versus the other three Syngnathidae species produced by Illumina reads. (c) The 
histogram shows the distributions of sequence divergence between each repeat family versus their consensus sequences. (d) Compositional 
overview of chromosome 1 and its GC levels. The colour-coded map shows 100 kb nonoverlapping sliding window plots. The colour code 
spans the spectrum of distinct GC levels, indicated by broken horizontal lines, from blue (GC-poorest isochores) to red (GC-richest isochores) 
(e) Gene density (gene number per Megabase) of GC isochores
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genomic deceleration among seahorses may be associated with their 
much reduced metabolic rate and sedentary lifestyle compared to 
other teleosts. Systematic studies in the future of more seahorse 
genomes would provide a more detailed picture on the change of 
substitution rate across different seahorse species.

We estimated the neutral mutation rate of the big-belly seahorse 
to be 6.97 × 10−9 substitutions/site/year based on four-fold degen-
erate (4D) sites (Table S8). This estimate and allele frequencies esti-
mated from the published genomic data (Table S9) (Li, Olave, et al., 
2021; Lin et al., 2017; Small et al., 2016) were used to reconstruct the 
historical fluctuations of population size (Ne) of studied Syngnathidae 
species, including one pipefish and three seahorse species, with the 
pairwise sequentially Markovian coalescent (PSMC) (Li & Durbin, 
2011) method. We found large variations of Ne among the stud-
ied species, whose mean values over time (Table S8) ranged from 
135,984–169,503 in lined and big-belly seahorses, to approximately 
82,964–92,222 in gulf pipefish and tiger-tail seahorse from approx-
imately 10 million to 10 thousand years ago. Specifically, the Ne of 
big-belly and lined seahorses reached their maximum sizes around 
100,000  years ago, when there was a high global seawater level 
(Miller et al., 2005) associated with the warm climate. This histori-
cal expansion of Ne has also been reported in many other seahorse 
(Li, Olave, et al., 2021) and teleost (Li, Bian, et al., 2021; Xu et al., 

2019) (e.g., medaka and half-smooth tongue sole) species. While all 
the studied species exhibited a decline of Ne during the last glacial 
period (LGP) between 110,000 and 12,000  years ago (Figure 2e). 
Such a decline is probably associated with the considerable loss of 
shallow water habitat caused by the reduction of sea level and global 
temperature (Miller et al., 2005). Two species (lined and tiger-tail 
seahorses) in our study were classified as vulnerable on the IUCN 
Red List of Threatened Species (http://www.iucnr​edlist.org/) (Table 
S8). Our results showed that these vulnerable and least concerned 
species have experienced a population size reduction predating the 
more recent declines impacted by human activities.

3.3  |  Evolution of seahorse gene families

Turnover of genes or gene family numbers is one of the major 
mechanisms underlying the phenotypic divergence of related spe-
cies. There are 10,491 homologous gene groups shared by four 
species (big-belly, tiger-tail and lined seahorse and gulf pipefish) 
(Figure 3a). Besides, 1118  gene families were specific to sea-
horses, and 268 gene families were specifically found only in the 
big-belly seahorse. Interestingly, the MHC protein complex genes, 
including B2M, H2-Ab1 and HLA-DPB1, are enriched (p = 8.53e-5, 

F I G U R E  2  Phylogeny and demographic history of the representative Syngnathidae species. (a–c) Collinearity analysis between 
H. abdominalis vs. H. comes, H. erectus and S. scovelli. We performed the collinearity analysis between H. abdominalis linkage groups and the 
scaffolds longer than 1 Mb in H. comes and H. erectus and linkage groups in S. scovelli. Blue segments represent alignments to the positive 
strand of H. abdominalis. Red segments represent alignments to the negative strand of H. abdominalis. Numbers in the parentheses are the 
number of scaffolds longer than 1Mb in H. comes and H. erectus, and the number of linkage groups in S. scovelli. (d) Maximum likelihood tree 
reconstructed using single-copy orthologous genes. Branch lengths are scaled to the specific substitution rates estimated by PhyML. The 
numbers on each branch indicate the estimated divergence time (in million years), and 95% highest posterior densities. All phylogenetic 
nodes have full bootstrap support. (e) PSMC-inferred trajectories of four syngnathid species. Coloured bold line of each species is the 
population size dynamics inferred from PSMC analyses, with the lighter, thinner lines indicating variations in population size derived from 
100 bootstraps. Top rectangles show respective time periods with global temperature changes. LGP: last glacial period
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Chi-squared test) among the seahorse-specific gene families, 
and B2M has been reported to play an important role during the 
evolution of male pregnancy and showing copy number variation 

among Syngnathiformes species (Table S10) (Roth et al., 2020). 
Several seahorse-specific genes related to protein and ion trans-
port, including SELENBP1, ATP2C1, and AQP3B, are also reported 

F I G U R E  3  Evolution of gene families of the big-belly seahorse. (a) Venn diagram showing the specific and shared gene families of the 
four Syngnathidae species. (b) The inferred numbers of expanded (green) or contracted (red) gene families at each phylogenetic node of 
Syngnathidae species. We labelled the divergence time on each node. MRCA: most recent common ancestor. Animal icons are made by 
Freepik from www.flati​con.com, from https://theno​unpro​ject.com and from http://phylo​pic.org. (c) Enriched GO terms of expanded and 
contracted gene families identified by Metascape (Zhou et al., 2019). Nodes are coloured by their identities. Each node represents one 
enriched term. Within each branch, the size of nodes represents the percentage of input genes belonging to each GO term. Terms with 
Kappa scores (Cohen, 1960) >0.3 are connected by edges, the thicker, the higher similarity
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to be upregulated during pregnancy (Table S11) (Whittington 
et al., 2015).

To systematically identify the gene gain and loss events across 
Syngnathidae species, we next mapped the expansions and con-
tractions of gene families onto their phylogenetic tree (Figure 3b). 
Compared to other teleosts, there were 1260  gene families that 
have undergone contraction in the ancestor of Syngnathidae. These 
families are enriched at various immune-related gene ontology (GO) 
terms such as regulation of immune response, T cell receptor sig-
naling pathway, positive regulation of inflammatory response etc. 
Contraction of specific innate immunity Toll-like receptor (TLR) 
pathway gene families, TLR2, 4 and 5 cascades were also found 
specifically in H.  abdominalis (Table S12). Some gene families (e.g., 
CASPA) of the “innate immune systems” or “antimicrobial peptides” 
GO term are instead significantly expanded in the Hippocampus 
ancestor. These results are consistent with the reported complex 
turnovers of immune-related gene families possibly associated with 
development of male pouch among syngnathids (Figure 3c, Tables 
S11-S13). Inflammatory response related gene TLR18, which has un-
dergone expansion in the ancestor of Syngnathidae, is also reported 
to be upregulated during pregnancy of H. abdominalis (Whittington 
et al., 2015). NSMAF, a gene related to leucocyte chemotaxis during 
immune response, has undergone copy number expansion in the an-
cestor of Syngnathidae (Boecke et al., 2012) and was also reported 
to be upregulated during pregnancy of broadnosed pipefish (Roth 
et al., 2020). Interestingly, several previously uncharacterized GO 
terms related to vascularization, for example, “vasoconstriction”, 
“regulation of blood vessel size”, “hemostasis” are significantly en-
riched among the contracted gene families in the Hippocampus an-
cestor. There might be adaptive loss in these gene families that is 
associated with the development of more sophisticated male brood 
pouch of seahorse relative to that of pipefish, when vascularization 
is a critical step. It is worth comparing the expression pattern of 
genes (e.g., endothelin receptors, Table S12) of such GO terms in 
future between the developing pouches of seahorse and pipefish to 
further elucidate their functional roles.

On the other hand, gene families of ion transport, for exam-
ple, “calcium ion import”, “potassium ion transport”, “ammonium 
ion metabolic process”, “iron ion transport” etc., and those of the 
vascularization process, for example, “aorta development” and 
“artery development” are significantly expanded in the ancestor 
of Syngnathidae or Hippocampus, or specifically in H.  abdominalis 
(Table S12). There are several interesting cases of ion transporter or 
metabolic genes that underwent significant family contraction or ex-
pansion. Their expression level has also been reported to be dynam-
ically upregulated or downregulated in the male brood pouch of H. 
abdominalis during the pregnancy stages from conception to parturi-
tion (Whittington et al., 2015). These gene families include SLC6a11a, 
a sodium ion transmembrane transporter, SLC25a14, an anion trans-
porter, CETP, which is involved in lipid transfer, and CHIA.4 that is 
involved in the carbohydrate metabolic process, etc (Tables S11-
S12). This suggested that some genes involved in nutrient exchange 
and osmoregulation in the male brood pouch, or the vascularization 

process during the pouch development of seahorse have undergone 
adaptive expansion or contraction of family members.

3.4  |  Rapidly evolving genes possibly related to the 
seahorse specific traits

We then focused on the genes that have a one-to-one orthologous 
relationship with other teleosts. We first examined the Hox gene 
cluster, which is responsible for body axis patterning and append-
age development (Ferrier & Holland, 2001). We annotated a total of 
44 Hox and 2 Evx genes organized in seven clusters (HoxAa–HoxDb) 
of the big-belly seahorse (Figure S4). Consistent with previously 
reported results (Hoegg et al., 2007; Small et al., 2016), the en-
tire HoxCb cluster, HoxB10a, HoxB8b, HoxD13a were absent in the 
genomes of seahorse and other percomorphs (stickleback, puff-
erfish, medaka, etc.). By parsimony, we inferred that HoxA7a and 
HoxC3a were convergently lost in the ancestors of Syngnathidae 
and Tetraontidae. Since the Hox7 mutants in mice show rib defects 
(Chen et al., 1998), the loss of Hox7 genes may account for the fact 
that both syngnathids and pufferfish do not have ribs (Chen et al., 
1998). HoxD11b was convergently lost in H. abdominalis (it is pre-
sent in the tiger tail seahorse genome: Lin et al., 2016), medaka 
and zebrafish. Its function remains to be elucidated in future by 
for example, the knockout experiments in sticklebacks or fugu that 
still possess the gene. EvxBa or eve1 (a paralogue of evenskipped 
gene family) was specifically lost in the ancestor of Syngnathidae, 
which was previously suggested to be associated with the teeth 
loss of pipefish and seahorse (Small et al., 2016). Several Hox 
genes are also found to have undergone rapid evolution. HoxB3a, 
HoxC5a, HoxC4a and HoxD3a are identified as Hippocampus RSGs, 
and HoxD12a, HoxC4a and HoxC9a are identified as H. abdominalis 
RSGs (Table S14).

Next, we examined the evolutionary rates of seahorse genes in 
the context of Syngnathidae phylogeny. We hypothesized that the 
genes associated with seahorse specific traits have probably un-
dergone rapid evolution as a result of either adaptive evolution, or 
relaxed selective constraints. The evolutionary rate was character-
ized by the lineage-specific ratios (ω) of nonsynonymous to synon-
ymous substitution rates. We identified a total of 1503 genes that 
have probably undergone positive selection (positively selected 
genes, PSG) and 1873 with relaxed selective constraints (genes 
with relaxed selective constraints, RSG) at different branches, using 
a likelihood model and the conserved lineage-specific tests (Table 
S14). Assuming a similar function between orthologues, we then ex-
amined the expression patterns, GO terms and the mutant pheno-
types of these genes’ mouse and zebrafish orthologues to elucidate 
whether they are associated with the seahorse-specific traits (Tables 
S15–S20) (Weng & Liao, 2017). Many orthologues of the identified 
PSGs or RSGs among different Syngnathidae lineages showed an ex-
pected tissue-biased expression pattern in mouse that is related to 
its function (Figure S5). For example, some Hippocampus specific 
RSGs with inferred T cell related phenotypes based on their mouse 
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orthologue mutant phenotypes show a biased expression in mouse 
thymus.

Interestingly, we found the mutant phenotypes belonging to the 
terms of “abnormal craniofacial development”, “abnormal hindlimb 
morphology” and “abnormal mouth morphology” are significantly 
(Bonferroni corrected p < 0.05, Fisher's exact test) enriched among 
PSGs in the Syngnathidae ancestor (Figure 4). The mouse mutant of 
one such pleiotropic PSG IFT172 shows an abnormal morphology or 
shortened size of snout, limbs and spinal cord (Friedland-Little et al., 
2011; Howard et al., 2010), and its zebrafish mutant shows a curved 
body shape (Lunt et al., 2009), which resembles that of seahorses. 
There are many more PSGs or RSGs whose mutant tail phenotypes 
are influenced in Hippocampus ancestor, or in H. abdominalis than 
those in the Syngnathidae ancestor (48 vs. 1 genes), which might be 
related to the specific trait of prehensile tail of the seahorses versus 
pipefish. Many of these gene mouse mutants (e.g., SPRED1, KNTC1 
and MKX, Table S17) show curly, wavy or kinked tails. The mutant 
phenotypes of embryonic lethality between implantation and pla-
centation or prenatal lethality, etc are enriched among the PSGs spe-
cifically in the H. abdominalis lineage. By contrast, RSGs are enriched 
for immune-related phenotypic terms such as increased NK T cell 
number in the ancestor of Syngnathidae.

4  |  DISCUSSION

We produced the first publicly available chromosome-level genome 
of seahorse to facilitate the evolutionary and developmental stud-
ies of Syngnathidae species. Syngnathidae species have developed a 
unique body plan among teleosts, including different shapes of male 
brood pouch, elongated tube-like mouth, lack of ribs and pelvic fins 
and so on. The responsible genetic changes are expected to have oc-
curred at the ancestor of Syngnathidae or specifically at the ances-
tor of seahorses (e.g., the upright posture) after they diverged from 

other teleosts. Using the new genome of H.  abdominalis, we first 
reconstructed the phylogeny and demographic history of syngnath-
ids. We then identified many candidate genes that underwent gene 
family expansion or contraction, or episodes of positive selection or 
relaxed selective constraints. Consistent with the previous findings, 
seahorse and pipefish species both have significant modifications of 
immune gene repertories, but in different gene families (Roth et al., 
2020). This was hypothesized to be associated with the different 
levels of male pregnancy and parent-offspring conflict between the 
two groups of syngnathids. As seahorses have a more specialized 
and fully enclosed brood pouch compared to that of pipefish. In ad-
dition to the reported changes involving MHC pathway genes (Roth 
et al., 2020), we here found several TLR cascade genes have changed 
their copy numbers, and some (e.g., TLR18) also changes its expres-
sion during the pregnancy stages in the brood pouch, but in differ-
ent lineages of Syngnathidae. We highlight those immune genes 
like TLR18 that show both sequence changes and dynamic pouch 
expression patterns are more likely to be targets of positive selec-
tion in response to evolution of male pregnancy. We also identified 
many candidate PSG/RSG genes whose mouse orthologue mutants 
show craniofacial, limb or tail modifications. Future functional vali-
dation of these genes in other teleost model species, for example, 
zebrafish, are expected to shed light on the mechanisms underlying 
the acquisition of novel morphological traits in both seahorses and 
other vertebrates.
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